algorithm to simultaneously estimate the azimuth angle, elevation angle, velocity, and range using the considered radar array system. , , ) ) ,
II. System Model
respectively; θ is the azimuth angle, ϕ is the elevation angle, v is the velocity, ρ is the range, and m(t) refers to the "other-signals-plus-noise" vector. In radar array systems transmitting linear FM waveforms, the range resolution Δρ significantly depends on the sweep bandwidth F as Δρ =c/(2F), where c is the velocity of propagation.
In (1), the signal s(t) and the steering vector , n n τ is the time-delay of the wave propagation from the reference antenna located at (1, 1) to the (n 1 , n 2 )th antenna, and d is the inter-element spacing of the antennas.
III. Wideband Capon Beamforming
The main difference between linear phased arrays and planar phased arrays for the algorithm development is in the used steering vector model. The time-variant steering vector 1 2 , , ( , , , , ) 
The optimization in (7) can be produced as a straightforward search on the grid of values of (θ, ϕ, v, ρ). The grid is made by regular intervals for each parameter of (θ, ϕ, v, ρ). For example, the grid of values of θ is given by [θ start : Δθ : θ end ], where Δθ is the interval, and θ start and θ end are the start value and the end value of θ for the search, respectively. Therefore, the computational complexity of (7) depends on the number of all considered values of (θ, ϕ, v, ρ).
Assuming that the chirp rate f 1 in (3) is small, that is, f 1 ≈ 0, we obtain the time-invariant simplified steering vector model as 
This simplified model (8) has an important advantage in that all standard beamforming algorithms are immediately available for application. However, a drawback is that information about the range ρ is lost, and it is impossible to evaluate the role of the sweeping bandwidth of the chirp rate f 1 .The performance of the proposed wideband Capon beamformer is evaluated through a comparison with narrowband beamforming algorithms which use the time-invariant steering vector model (8). To investigate this performance comparison, we have developed two narrowband beamformers, called the narrowband MUSIC and Capon beamformers, which use the MUSIC method [4] and Capon method [7] for the timeinvariant model (8), respectively.
IV. Simulation Results
In our simulations, we assume a planar phased radar array of N 1 ×N 2 receiving antennas with a half-wavelength inter-element spacing, a linear FM signal with f 0 =24 GHz, the bandwidth F=150 MHz, and the pulse period T=100 μs. A moving target with θ=-30°, ϕ=30°, v=70 km/h, and ρ=50 m is considered. We assume that the attenuated amplitude g 1,1,1 (t) in (2) is replaced by g 1,1,1 +η(t), modeling the time-variant echo-signal attenuation effects by random η(t). We use g 1,1,1 =2, N 1 =4 antennas, N 2 =4 antennas, U=3 cycles, and W=100 observations.
In Fig. 2 , we compare the performance of the narrowband MUSIC, narrowband Capon, and wideband Capon beamformers in terms of estimation accuracy. The RMSEs of the azimuth angle, elevation angle, and velocity estimations are computed using 200 independent Monte Carlo simulation runs. The narrowband beamformers use the time-invariant steering vector model (8) in which information about the range is lost; therefore, they do not give the range estimation.
As seen in Fig. 2 , the wideband Capon beamformer yields a clear improvement in the accuracy of the target parameters with an increase in the SNR and the number of N 1 ×N 2 receiving antennas. The RMSEs for the azimuth angle and elevation angle of the narrowband Capon beamformer are close to those of the wideband Capon beamformer, whereas the performance of the narrowband MUSIC beamformer is not so good for higher SNRs. The accuracy of velocity estimation by the narrowband MUSIC and Capon beamformer is clearly worse than that by the wideband Capon beamformer. This comparison shows that the use of the time-variant steering vector model with the wideband Capon beamformer significantly improves estimation accuracy, as compared with the narrowband beamformers which exploit the time-invariant steering vector model. Figure 3 shows beam patterns for the wideband Capon beamformer for the azimuth angle, elevation angle, velocity, and range. The ten curves correspond to various samples of random observations. As seen in Fig. 3 , the wideband Capon beamformer yields good performance in terms of estimation accuracy and resolution. The 3 dB resolutions for the azimuth angle, elevation angle, velocity, and range are about 0.95°, 0.54°, 0.36 km/h, and 0.91 m, respectively.
V. Conclusion
In this letter, we proposed a wideband beamforming algorithm to estimate the target parameters using a planar phased radar array with antenna switching. We demonstrated that the proposed wideband beamformer offers significant performance gain over narrowband beamformers.
